Low energy efficiency and limitations of cooling temperatures in the ejector refrigeration systems (ERSs) are major obstacles for its widespread use. The application of binary or multicomponent fluids may prove to be one of the successful ways to increase the ERS performance by 30 -50%. Zeotropic mixtures, which have unlimited solubility and evaporate at specified pressures and varying temperatures, are considered as possible candidates to be applied in a binary-fluid ERS (BERS). An ideal candidate working fluid should exhibit high molecular weight, low latent heat of evaporation, high normal boiling temperature and high compressibility factor. A refrigerant fluid should have low molecular weight, high latent heat of evaporation, low boiling point and compressibility factor. BERS pursues simultaneous achievement of two main goals: increase in system's efficiency and take the condensation point up to 45-508C at fixed coefficient of performance, i.e. employ atmospheric condenser in ERS. This article presents schematic diagrams of a multicomponent-fluid ERS; its cascade principle based on BERS enables to produce cold at several temperature ramps, using renewable or lowgrade heat sources. Research outcomes from this article can improve the effective application of ejector technology.
INTRODUCTION
Unlimited access to the fossil fuels, its unrestricted consumption and growing demand for energy provoked a global crisis that remains an important issue of today. Rising the clean energy supplies, introduction of low-carbon technologies and making deep cuts in the fossil fuels become the only way out for reaching energy balance on the Earth. Clearly, there is a need for the new energy-efficient technologies with better indicators of sustainability. Despite the recent significant achievements in promoting sustainable energy, there is a slow progress in its practical realization.
Refrigeration and air-conditioning form a significant part of the global energy consumption. The conventional cooling systems driven by high-grade electricity can hardly cover the growing energy needs and require installation of the new nuclear or capacious hydropower plants that cannot meet the environmental standards. One of the promising areas of sustainable energy generation and consumption is an integrated energy use. This article discovers a concept of the sustainable ejector refrigeration system (ERS) using binary and multicomponent fluids as working media. Such systems utilize renewable or secondary energy sources for the cold supply solutions in a wide range of temperatures from þ128C to 22008C with a subsequent increase in the system's efficiency. This is a sophisticated and comprehensive task, taking into account physical properties of fluids, its miscibility and mixtures behaviour. This article provides the state-of-the-art model of the binary-fluid ERS. The proposed algorithm of the coefficient of performance (COP) and the entrainment ratio calculation can be applied both for the binary ERS (BERS) and for multicomponent ERS (MERS). The principles of fluids selection for the quadro-fluid MERS were outlined in this article.
BINARY-FLUID EJECTOR REFRIGERATION SYSTEM
The idea to use binary fluids in the ERS was introduced more than 40 years ago [1] and principles of refrigerant mixtures selection were formulated in Zhadan et al. [2, 3] . The mixtures selection was based on criteria of the significant difference of International Journal of Low-Carbon Technologies 2012, 7, 120-127 # The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com doi:10.1093/ijlct/cts038 120 molecular weights of working and refrigerant fluids. These criteria also provided the sufficient ratio of the critical speeds of sound and the latent heats of evaporation. The analysis of Equations (1) and (2) shows that fluids with high molecular weight have low critical speed of sound and low latent heat of evaporation, while fluids with low molecular weight have opposite properties:
where a * is the critical speed of sound (m s
21
), * the critical property, k the adiabatic index, R the universal gas constant (J mol 21 K 21 ), u the Trouton constant (J mol 21 K 21 ), m the molecular weight (kg kmol 21 ) and r s the heat of evaporation (J kg 21 ) at normal temperature T s (K). The binary fluid selected under the above criteria leads to the significant shock losses reduction (Equations 3 and 4):
where W is the flow rate (m s 21 ), l the relative velocity, G the mass flow rate (kg s 21 ), DE the shock losses (W), wf the working fluid, rf the refrigerant fluid, gen is generation, eva is evaporation and A the nozzle outlet cross-section area.
The ERS model and its applications for air-conditioning using both single fluids and zeotropic mixtures were studied in Dorantes and Lallemand [4] . A comparison of the ERS performance using zeotropic and azeotropic mixtures as substitutes of pure refrigerants was done in Boumaraf and Lallemand [5] .
A framework of binary-fluid ERS applications for solar cooling was provided in Buyadgie et al. [6] , where benefits of such system were analysed, and a significant increase in the COP was reported. A comparison of binary-and single-fluid ERS operating at off-design conditions was made, and it was predicted that the binary-fluid ERS has better performance compared with the single-fluid one.
New ERS using zeotropic mixtures was theoretically studied in Chen et al. [7] . This system's performance was compared with the single-fluid ERS under the same operating conditions. The binary-fluid ERS proved to reach a higher COP.
New binary-fluid ERS with combined heat, cold and fresh water supply [8] was introduced. It was proved that the integrated approach for simultaneous solar-driven water conversion, water heating, air-conditioning and refrigeration provides a sufficient increase in energy and exergy efficiencies.
Generally, mixtures selected for BERS had 10 -208C higher normal boiling temperature of the working fluids than of the refrigerant fluids. The ratio of generation pressure to condensation and evaporation pressures was lower, while working vapour density exceeded the ejecting vapour density greatly [2] . These factors made the BERS entrainment ratio lower than that of the single-fluid unit and disfavour mixture application in the ERSs. The optimization of BERS efficiency became possible when certain assumptions and approaches to the fluid selection principles were applied [3] . Examples of the studied systems are shown in Figure 1 .
Options b and c serve to explore the fluid functionality: † compressibility factors ratio Z ¼ pv/RT (at the set operating parameters or normal conditions) should be considered while selecting fluid components: where l exp is the work of adiabatic expansion (kJ kg
), l comp the work of adiabatic compression (kJ kg 21 ), v theor the theoretical entrainment ratio, P the pressure (kPa), mix is the mixed flow and cond is condensation. † in order to increase the entrainment ratio and COP, control for concentrations of fluid components in the evaporator and in the vapour generator is required.
The candidate working fluid should have high molecular weight, high normal boiling temperature and low specific heat of evaporation. The candidate refrigerant fluid should have reverse characteristics: low normal boiling temperature, low molecular weight and high specific heat of evaporation. The compressibility factor of the working fluid shall be high and for the refrigerant fluid, low. Generally, the compressibility factor Z of the working fluids is lower than that of the refrigerant fluids that limits the BERS efficiency. Tables 1 and 2 show the properties of candidate media, meeting the criteria of the working fluids (Table 1 ) and of the refrigerant fluids ( Table 2) . The in-house code based on the method described in Sokolov and Zinger [9] was used for the calculation of the entrainment ratio and COP at the given working cycle parameters.
The combined equations of energy, momentum and mass conservation are taken for the entrainment ratio calculation (Equation 9):
where w 2 ¼ 0.975; f gen,B and f eva,B are the areas of working and ejected flows in the inlet cross-section of a cylindrical mixing chamber (m 2 ) and P gen,B , P eva,B and P C the static pressure of working and ejected flows in the inlet cross-section and mixed flow in the outlet section of the cylindrical mixing chamber (kPa) (Figure 2 ).
For the candidate binary fluid, the entrainment ratio and COP were calculated. The calculation was performed using an algorithm as shown in Figure 3 .
(1) Specify initial concentrations of fluid components in the evaporator, vapour generator and in the outlet of the ejector. Define operating temperatures. (2) Calculations of the mixture properties at different concentrations and operating parameters (saturation pressure, specific volume of vapour and adiabatic index) are performed using REFPROP ver.8. (3) The entrainment ratio is described as a function of temperatures, pressures, volumes, concentrations, the adiabatic index, the critical speed of sound and the main dynamic functions P, g and l [10] . The entrainment ratio is determined by Equation (10) upon reaching the critical performance:
where 
where P is the relative pressure; K 1 the integrated velocity coefficient of the working flow; K 2 the integrated velocity coefficient of the ejected flow; w 1 , w 2 , w 3 and w 4 are the experimental velocity coefficients; K 3 and K 4 are the integrated velocity coefficients; a and b are the empirical coefficients and g the relative mass velocity. (4) The optimal concentration at the outlet of the ejector is calculated using the resulting entrainment ratio and concentrations. If the estimated concentration does not coincide with the specified value, then go to step 5. By adopting the concentration of the mixture at the outlet from the ejector as a weighted average between the defined and calculated concentrations, return to step 2 and the calculation is repeated. If the calculated concentration coincides with the set one, then go to step 6 and calculate the system's COP. Calculation results for the candidate binary fluid are given in Table 3 . The analysis of Tables 1-3 proves 20 -70% higher COP of BERS when compared with a single-fluid ERS at the set operating conditions: generation temperature t gen ¼ 858C, condensation temperature t cond ¼ 358C and the evaporation temperature t eva ¼ 128C.
The conventional air-conditioning systems with atmospheric condensers work at condensation temperatures around 45 -508C. It is inapplicable for both single-fluid ejector refrigeration units and absorption systems. Principles of BERS operation enable to reach higher COP values at high condensation temperatures (up to 608C). Figures 4 and 5 depict the dependency of COP from generation temperature at set condensation and evaporation temperatures. These calculations proved the increase in COP at high condensation and generation temperatures, provided fluid components were selected in accordance with the proposed principles.
It means that proper selection of components for binary fluid and concentrations optimization in the system leads to energy costs reduction for cold production. The outcome of mixture application is not limited just to the increase in working fluid condensation temperature and possibility to use atmospheric condenser in the BERS, which is especially important in water constraint zones. It also allows diversifying the temperatures range of the generated cold. 
APPLICATION OF MULTICOMPONENT FLUIDS IN ERS
The contactless cascade ERS shown in Figure 6 was utilized to lower the temperature of the generated cold. This system operated a heat sink principle as described in Buyadgie et al. [11] .
However, the efficiency of the system was low; while evaporation temperature in the final evaporator decreased, the COP of such system drastically dropped down.
Further expansion of the ERS application led to the creation of a concept of multicomponent contact system, where vapour mixture of several fluids was compressed in one single ejector. After fractionation, this mixture was separated into components by the cascade principle, generating the cold at the end evaporator at a level of 70 -80 K lower than the ambient temperature.
Such systems served both for air-conditioning and for freezing (220 to 2508C). As a result, almost a whole cold that was traditionally produced by conventional refrigerators could be generated at the expense of low-grade heat or solar thermal energy. Figure 7 shows a diagram of the contact cascade quadro-fluid system using selected candidate fluids.
The working fluid for the MERS is selected by the same way like for BERS: high normal boiling temperature, high 0 (R152a) 20 (R152a) 100 (R152a) 0.257 0.505 R227ea þ RE170 (DME) 0 (DME) 15.86 (DME) 100 (DME) 0.1885 0.5261 R11 þ R600 0 (R600) 32 (R600) 100 (R600) 0.4693 0.7415 molecular weight, high density and low specific heat of evaporation. Fixing the cycle parameters, second fluid is selected in a way the condensation temperature (at set pressure) is 2 -48C higher than the evaporation temperature of the working fluid. The third fluid is selected on the same basis as the second fluid. The fourth fluid is selected using the same criteria but with respect to the third one. An example of this approach is given in Table 4 . A block diagram of the quadro-fluid system is presented in Figure 8 . Figure 9 shows binodals of quadro-fluid mixture: the right one, at evaporation pressure; the left one, at condensation pressure. The diagram shows the mixed vapours compression process.
The thermodynamic cycle of the quadro-fluid ERS is presented in Figure 10 where processes are described and illustrated separately for each fluid component that corresponds to its own binodal. One fluid component serves for the compression of all other fluid components.
The spheres of the application of MERS can be wider at the expense of combinations of two or more blocks of cascades.
Temperatures that can be reached in such combinations are sufficient for liquefaction of gases up to the liquid hydrogen and helium [12, 13] . Figure 11 shows a schematic diagram consisting of three sequentially concatenated blocks with the output temperature at a level of 21908C, enough for air liquefaction. A distinctive feature of this unit is that each vapour generator unit utilize the condensation heat from the previous block. Starting from the second block, the cold generated in the evaporators is almost unchanged, which secure the COP of the same level as in the previous block but at lower temperatures.
Demonstrating the advantages of fluid mixtures application and principles of contact cascade, the comparison of exergy COP of single-and binary-fluid ERS was performed for the air-conditioning mode. . Thermodynamic cyle of the quadro-fluid ERS. 1-2, working vapour expansion in the ejector's nozzle; 3-4, working vapour compression in the diffuser part of the ejector; 4-5, working vapour condensation at the fractional condenser; 6-5, condensate supercooling at the recuperative heat exchanger; 5 0 -3, working vapour evaporation at the evaporator of the second fractional condenser; 5-5 0 , working liquid throttling; 6-7, liquid feeding to the vapour generator by a feeding pump; 7-1, liquid heating and its evaporation in the vapour generator; 8-9, 11-12 and 14-15, compression of the refrigerant vapour mixtures in the ejector's diffuser; 9-10, 12-13 and 15 -16, compressed vapours condensation and supercooling of the condensate at the specified condensersevaporators and recuperative heat exchangers; 10 -10 0 , 13-13 0 and 16 -16 0 , refrigerant liquid throttling; 10 -8, 13-11 and 16 -14, evaporation of the refrigerant liquid in the specified condensers-evaporators and superheating of vapours in the recuperative heat exchangers. 
CONCLUSIONS
This article demonstrates a novel ERS using binary and multicomponent fluids as a working media. It was theoretically proved that application of binary and multicomponent fluids in ERS results in a significant increase in the system's COP, which makes such units competitive with a single-fluid ERS or with contactless cascades ERS. This study shows that this innovative system in comparison with a single-fluid ERS has a number of advantages, including higher efficiency and flexibility to off-design parameters. Proposed concepts of BERS and MERS show that it is possible to vary the design parameters of ERS, depending on the goals and conditions, with no impact on the ERS performance. Such systems might be attractive for countries concerned in developing sustainable energy technologies. Exergy analysis of the system demonstrated that ERS with binary and multicomponent fluids could be efficiently used in refrigeration
